[1] Water remains an essential ingredient for the rapid population growth taking place in metropolitan Phoenix. Depending upon the municipality, between 60 and 75% of residential water is used outdoors to maintain non-native, water-intensive landscapes and swimming pools [Mayer and DeOreo, 1999]. Residential water use in Phoenix should be especially sensitive to meteorological and climatic variations because of the strong emphasis on outdoor water use. This study explores the intra-urban spatial variations in the sensitivity of residential water consumption to atmospheric conditions. For 230 census tracts in the city, we developed times series of monthly water-use anomalies and compared them to monthly anomalies of temperature, precipitation, and the Palmer Drought Hydrological Index. We found that one third of census tracts have little-to-no sensitivity to climate, while one tract had over 70% of its monthly variance in water use explained by atmospheric conditions. Greater sensitivity to atmospheric conditions occurred in census tracts with large lots, many pools, a high proportion of irrigated mesic landscaping, and a high proportion of high-income residents. Low climatic sensitivity occurred in neighborhoods with large families and many Hispanics. Results suggest that more affluent, non-Hispanic neighborhoods will be disproportionately affected by increasing temperatures due to urban-heat-island effects and the buildup of greenhouse gases. 
irrespective of temperature and precipitation conditions, and by urban lifestyles that are heavily oriented toward single-family homes, heavily-watered landscape treatments (including popular citrus trees), backyard swimming pools, and water features such as waterfalls and fountains. Prevailing water landscape practices (e.g., failing to reset automated timers in response to changes in the atmosphere's demand for water), low water prices, and water-dependent lifestyles probably account for the relative insensitivity of urban water use to variations in climate conditions.
[4] Phoenix is not, however, monolithic. In a study of residential water use at the census tract level, Wentz and Gober [2007] found that intra-urban differences in water use across the city were substantial and explained by average household size, a factor important in indoor water use, and by the presence of swimming pools, average lot size, and mesic landscaping-factors related to outdoor use. Levels of consumption increased with larger households, more swimming pools, larger lots, and more of the average lot covered with mesic landscaping. They also showed, using geographically-weighted regression [Fotheringham, et al., 2002] , that there were spatial effects associated with household size and the presence of pools. In other words, adding an additional resident or pool increased water use more in some parts of the city than in others. This finding is consistent with our thesis that some neighborhoods are more climate sensitive than others.
Further evidence of a geographic pattern in climate sensitivity is the ratio of summer versus winter water use (Figure 1 ). Assuming that indoor water use is constant throughout the year, outdoor water use tends to increase in the summer months. Across the city as a whole, single-family usage averages about twice the levels in the high-use summer months of June, July, August, and September than in the low-use months of December, January, February, and March. The difference between summer and winter usage does not capture all outdoor use, because there is a substantial amount of outdoor use in winter months to maintain trees, shrubs, and winter lawns. Nonetheless, neighborhoods where summer use is dramatically higher than winter use are concentrated near the city center and the inner core of the metropolitan area, while low ratios (summer water use is about equal to winter) along the city's northern and southern peripheries.
Areas where summer use greatly exceeds winter use are not necessarily the areas with the highest overall use. Rather, they are older neighbohoods with dense mesic vegetation and are possibly influenced by urban-heat-island effects that heighten the need for summer watering [Guhathakurta and Gober, 2007] .
[5] Previous efforts to relate water use to climate conditions have been concentrated at the citywide scale and focused on variations in time, not space. Based on work throughout the southwestern United States, some studies have found significant relationships between temporal variations in water consumption and variations in climate [e.g., Billings and Agthe, 1980, 1998; Maidment and Parzen, 1984; Woodard and Horn, 1988; Billings and Day, 1989; Wilson, 1989; Martin and Kulakowski, 1991; Rhoades and Walski, 1991; Agthe and Billings, 1997; Gutzler and Nims, 2005] , while others found no link whatsoever [e.g., Berry and Bonem, 1974; Cochran and Cotton, 1985; Gegax et al., 1998; Michelsen et al., 1999] . Gutzler and Nims [2005, p. 1778] concluded that studies "in the southwestern United States have reached surprisingly diverse and apparently contradictory conclusions about the impact of climatic variability on water demand." This may result from differences in variables and methods used in the analyses, but also from differences in the price of water, urban lifestyles, and the relative importance of outdoor versus indoor water use.
[6] Parts of Phoenix are characterized by low-income housing with little mesic landscaping and few if any outdoor swimming pools. Water consumption there is relatively low and largely for indoor purposes; theoretically these areas should be less sensitive to prevailing climate conditions than other parts of the city where high-income residents enjoy lush landscaping, large lots, private swimming pools, fountains, and other water features. Water is required to keep lawns alive, bushes and trees green, and pools filled. Many of the region's estimated 300,000 swimming pools have automatic refilling devices, and thus, many homeowners are unaware of the high rates of summertime evaporation ( Figure 2) . A typical uncovered swimming pool with around 60,000 liters loses approximately two meters of water a year to evaporation. We anticipate that neighborhoods with private pools, large lots, and heavy use of mesic landscaping will be more climate sensitive than those without grass and pools and where homes are built at higher densities. [7] We obtained 1995 to 2004 residential water records from the City of Phoenix's Water Services Department (Figure 3 ). Records are organized by census tracts so as to protect the identity of individual users. Although these data are based on imperfect billing records, contain substantial variations due to leakages and meter problems, and require aggregate rather than individual analysis of water consumption trends, they provide information about overall spatial and temporal trends in water use. Intra-urban variations at the census tract level have been used to make inferences about the determinants of water consumption [Wentz and Gober, 2007] , the effects of the urban heat island on residential water consumption [Guhathakurta and Gober, 2007] , and the effects of conservation policies on water demand [Campbell et al., 2004] .
Water Use Data
[8] From the original data set with 303 census tracts, we eliminated cases in which there were fewer than 50 records upon which to base the monthly water 
Climate Data
[12] To represent monthly variations in climate, we selected temperature, precipitation, and drought data for the Phoenix area from the updated United States Historical Climatology Network [Karl et al., 1990] . The USHCN data are calculated from many weather stations within relatively homogeneous climate divisions. The records are adjusted by others for time-of-observation biasing [Karl et al., 1986] , instrument adjustments [Karl and Williams, 1987; Quayle et al., 1991] , and missing data from stations within a division. We assembled the monthly records from 1995 to 2003 for the "South Central" division that covers 12.8% of Arizona, including all of the Phoenix metropolitan area. These are the same climate data used by Balling and Gober [2007] in their study of temporal variations in Phoenix-wide water consumption levels. While the use of the USHCN data may mask spatial variability in climate related to the extensive Phoenix urban heat island, the USHCN data does effectively capture the temporal variations in climate of interest in this investigation.
[13] The monthly mean temperature record shows a range from 33. [14] The monthly precipitation data also showed no significant trend (-0.57 mm represent very wet conditions, and PHDI values above +4 are for extremely wet conditions. Alley [1984] identified three positive characteristics of the index that contribute to its popularity: (a) it provides decision makers with a measurement of the abnormality of recent weather for a region; (b) it provides an opportunity to place current conditions in an historical perspective; and (c) it provides spatial and temporal representations of historical droughts. There are certainly limitations when using the PHDI (or any other index), and these are described in detail by Alley [1984] , Karl and Knight [1985] , and Guttman [1991] . The values in the Phoenix area over our [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] study period ranged from 5.82 in June, 1998 to -4.66 in August, 2002 and showed a significant trend (p<0.01) toward drought of -0.27 PDSI units year -1 (Figure 6 ). the sensitivity to climate because non-native, heavy-water-using landscape treatments require more irrigation water to survive during hot, dry, drought-prone periods. The percentage of mesic coverage was calculated for a previous study by Wentz and Gober [2007] based on a land cover classification system developed by Stefanov et al. [2001] and acquired from a 1998 Landsat Thematic Mapper image. They found a significant positive relationship between the presence of mesic landscape treatments and residential water use. With each additional 1% of mesic vegetation, water consumption increased by almost 3,797 liters, which accounts for 0.6% of the typical household's water consumption. Moving from zero to 50% mesic would increase the typical household's water consumption by 30%. We assume that landscaping practices remained relatively stable during the timeframe represented.
[17] "Mean household income" is based on data acquired from the 2000 Census and represents average incomes for residents of single-family units. Previous studies have shown a significant relationship between income and residential water use, although the relationship is complex and amenable to a variety of interpretations. Dalhuisen et al.
[2003] and Kallis [1999] showed that water use increases with income, but the relationship is not significant when water bills constitute a small proportion of disposable income [Martínez-Espiñeira and Nauges, 2004] . Indoor water use is relatively stable for people of different incomes [Loh and Coghlan, 2003] , but large variations occur with more discretionary outdoor use. In Phoenix, water is a heavily regulated commodity and extremely cheap; it does not constitute a large proportion of a household's income.
Residential customers in the City of Phoenix pay only $1.65 for 2,832 liters during the low-use months of December, January, and February, $1.97 in April, May, October, and November, and $2.65 in the high-use months of June, July, August, and September.
[18] "Household size" is the average number of persons who occupy a singlefamily residence as reported in the 2000 Census. The number of household members has been shown in a host of studies to influence water use [Mayer and DeOreo, 1999; Domene and Saurí, 2006; Wentz and Gober, 2007] . More household members result in more water used to flush toilets, take showers, wash dishes, and launder clothes, although the per capita use of water tends to decline with household size as economies of scale are achieved in larger households. It is generally assumed that household size influences climate-insensitive indoor use rather than outdoor use, although it is also possible that larger households with more children prefer swimming pools and grass for children to play and thus influence outdoor use as well.
[19] "Lot size," in square meters of single-family plots, addresses the amount of land area potentially exposed to climatic conditions. As in many cities in the United
States, the density of housing units in Phoenix is related to the vintage of those units and the mode of transportation in vogue when the units were built [Muller, 1995] . Unlike most cities in the United States, however, newer units in Phoenix tend to be built on relatively small lots. Lot size grew continuously during the 20 th century with increasing reliance on the automobile and its door-to-door accessibility (Table 1) . After a peak in 1970 however, lot sizes declined as land on the fringe became increasingly scarce and expensive. The typical new development offers densely-packed, often two-story homes on lots that average only 608 m 2 (compared to 763 in 1970) . This means that a smaller portion of the lot is now available for gardens and pools, and thus is climate sensitive.
Data for the lot size were acquired from the Maricopa County Assessor's Office for 2003, the most recent year available at the time of this study.
[20] The percent of single-family residential lots containing "swimming pools" [21] The sixth variable was percent "Hispanic." Although much has been written about the differing environmental values and attitudes between Hispanics and other ethnic groups, relatively little is known about the effects of ethnicity on residential water use. Campbell et al. [2004] included this variable in a study of water use and conservation behavior in Phoenix, controlling for other relevant characteristics such as household income, poverty, and age of household members. The purpose of the study was to assess the relative effectiveness of policy instruments in water conservation.
Hispanic status was a control variable to increase confidence in the independent effects of the policy-relevant variables. The authors did find a positive relationship between water use and Hispanic status and interpreted this to mean that Hispanics used more water than would be expected after the effects of the policy interventions were taken into account. 
Temporal Analyses and Results
[22] Recognizing that various statistical procedures used in our study assume normally distributed variables over the 108 months from 1995 to 2003, we evaluated the climate predictors using the standardized coefficients of skewness, z 1 , and kurtosis, z 2 , calculated as:
where the resulting z values are compared against a t-value deemed appropriate for a selected level of confidence (e.g., for N=108, t=1.98 for p=0.05 and t=2.63 for p=0.01). If the absolute value of z 1 or z 2 exceeds the selected value of t, a significant deviation from the normal curve is confirmed. Otherwise, no statistically significant deviation from a normal distribution is determined (the null hypothesis that the samples came from a normal distribution cannot be rejected). In addition, we tested the predictors for deviations from normality using the Kolmogorov-Smirnov one-sample test in which the predictor is tested against another variable defined as having a normal distribution.
[23] The results indicated that the precipitation anomaly time series contained a significant deviation from normality with positive skewness and positive kurtosis. A modified square root transformation in which the sign of the original value is retained (e.g., a value of -4 transforms to -2) produced a times series without the substantial deviation from a normal distribution.
[24] For each census tract, the monthly water-consumption values (% of normal)
were compared to the temperature anomalies, transformed precipitation anomalies, and 
Spatial Analyses
[26] We treated the multiple R 2 values over the 230 tracts as the primary dependent variable (a climate sensitivity variable) and the socio-demographic and landuse indicators as independent variables. However, using the standardized coefficients of skewness and kurtosis, along with the Kolmogorov-Smirnov one-sample test, we found that the socio-economic and land use variables typically contained significant deviations from a normal distribution. We therefore used Spearman rank-order correlation coefficients to reveal the interrelationships among the independent variables (Table 2) .
Particularly strong relationships exist between income and the presence of pools, household size and percent Hispanic, and percent Hispanic and income. As a result of the multicollinearity, we subjected the independent variables to a normalization procedure and principal components analysis and derived two factors with eigenvalues greater than 1.0 (our results did not change appreciably with or without the normalization). Together they explained 78 percent of the variation in socio-demographic and land use characteristics (Table 3) . Component 1 captures nearly 60% of the variance in the data and shows that high-income, small, non-Hispanic households tend to live in areas with large lots, swimming pools, and irrigated vegetation. This is the dominant variance pattern in the spatial data and the one we would expect to be related to the climate sensitivity variable. Component 2 is difficult to interpret, given that the highest loading was 0.58 showing that no one variable shared any more than 33% of its variance with this component that explained less than 20% of the variance in the data. We could see no reason why this component would be related to the climate sensitivity variable.
[27] The spatial variance in the climate sensitivity variable (the multiple R 2 values for each of the 230 tracts) should be significantly related to spatial variance in the landuse and socio-economic variables. As seen in Table 4 , all of the independent variables, with the exception of the number of residents per household, are significantly related to spatial variation in the climate sensitivity of water consumption. Climate sensitivity increases with high income, large lots, irrigated landscaping, and the presence of swimming pools; it decreases with the percent Hispanic. The relatively strong relationship between climate sensitivity and Component #1 reinforces these patterns in the data (Figure 8 ). The failure of household size to be significant is consistent with the idea that the number of residents in the household influences indoor rather than outdoor water use, and it is outdoor use that drives climate sensitivity.
[28] Each multiple regression equation (one for each of the 230 tracts) linking water consumption to climate variations over the 108 months has standardized partial regression coefficients for each of the three independent variables (temperature anomalies, modified square root of precipitation anomalies, PHDI). The standardized partial regression coefficients range from -1.0 to 1.0 and are similar to correlation coefficients between water consumption and the given climate predictor variable. The standardized partial regression coefficients for the temperature anomaly variable are positively and significantly related to the presence of swimming pools, suggesting that the presence of pools increases the sensitivity to temperature. This is not surprising given that automatic refill devices keep pool levels constant under a variety of temperature conditions. The sensitivity of water consumption to variations in temperature is also positively related to Component #1, suggesting that overall affluence of a census tract (which is highly related to swimming pool variable) increases sensitivity to temperature.
[29] The general lack of significant spatial relationships between the standardized regression coefficients for precipitation anomalies (showing the strength of the relationship between water consumption and precipitation through time) and the socioeconomic variables may in part be due to the sporadic nature of precipitation, particularly for the desert environment. A rain event could occur late in the month and produce a positive monthly anomaly, when in reality, the bulk of the month was actually dry.
[30] The PHDI variable integrates both temperature and precipitation through longer periods of time and should provide the clearest climate sensitivity signal. For example, the first-order (one month) autocorrelation coefficients for the temperature and precipitation anomalies are 0.20 and -0.10, respectively, while the first-order autocorrelation through time for PHDI is 0.91 ( Figure 6 ). As seen in Table 4 , the socioeconomic variables along with Component #1 are strongly related to spatial variations in the standardized partial regression coefficients for the PHDI variables. Recall that a negative partial regression coefficient between PHDI and water consumption indicates that water consumption increases in dry periods when PHDI values are negative. In an absolute sense, the strongest control on sensitivity of water consumption to drought conditions are Component #1 and more specifically, the swimming pool variable ( Figure   9 ). The plot clearly shows that as the presence of pools increases, the absolute values of the negative standardized regression coefficients become larger. Similarly, higher income, lot size, and percent mesic (all well captured by Component #1) significantly increase the sensitivity of water consumption to drought.
Conclusions
[31] In this investigation, we explored the sensitivity of single-family residential water consumption to variations in climate throughout several hundred diverse census tracts in Phoenix, Arizona. We use a series of statistical procedures to reveal the following:
(1) Consistent with previous studies, we found that residential water consumption in Phoenix is significantly (p<0.05) related to variations in climate. As expected, water consumption generally increases when (a) temperatures are above normal, (b) precipitation is below normal, and (c) the area is in a period of drought. Water consumption is most strongly related to the drought variable, which is expected because:
(a) the drought variable integrates climate effects of variations in both temperature and precipitation, and (b) the drought variable provides the best overall picture of the vegetation's demand for irrigation water and the rate of pool evaporation.
(2) We found that the sensitivity of water consumption to variations in climate varies substantially from one census tract to another. One third of the tracts have effectively no sensitivity to climate variations, while in one tract, 72% of the variation in water consumption is explained by variations in climate.
(3) Greater sensitivity to atmospheric conditions occurred in census tracts with many pools, a high proportion of high-income residents, larger lot sizes, and a high proportion of irrigated mesic landscaping. Low climatic sensitivity occurred in neighborhoods with a relatively high proportion of Hispanic residents.
(4) Generally, the socio-economic and land use variables were weakly related to how sensitive water consumption is to variations in either temperature or precipitation alone but significantly related to the sensitivity to drought. The overall affluence of a census tract significantly increases the sensitivity to drought, with the most important variable being the percentage of lots in a census tract with swimming pools.
[32] In the coming few decades, Phoenix is expected to double its human population, the urban heat island effect will increase local temperatures, and the ongoing buildup of greenhouse gases should further increase temperatures and decrease precipitation in the region. The net result is that ever more residents may be faced with ever more droughts in the future. Should these climate changes occur (and they seem to be occurring at present), water demand in Phoenix will certainly increase, and, as shown in this study, the increase will be greatest for the more affluent census tracts in the city.
[33] A great challenge for the city is to grow in a way that puts less stress on its water resources and reflects its status as a desert city. One obvious strategy is to emphasize development that is less climate-sensitive, i.e. development with smaller lots, fewer swimming pools, and less irrigated vegetation. Public discourse about water conservation tends to emphasize the wiser use of indoor water, and has tended to ignore the very important fact that outdoor use represents a much larger share of households' water budget. Our study suggests that manipulation of the urban form by encouraging higher densities, restricting the use of irrigated landscaping, and limiting the number of pools would lower climate sensitivity and make the city's water use more resilient in the face of climate change and urban heat island effects. 
